Cryptococcus neoformans, an opportunistic fungal pathogen, produces a glycan capsule to evade the immune system during infection. This definitive virulence factor is composed mainly of complex polysaccharides, which are made in the secretory pathway by reactions that utilize activated nucleotide sugar precursors. Although the pathways that synthesize these precursors are known, the identity and the regulation of the nucleotide sugar transporters (NSTs) responsible for importing them into luminal organelles remain elusive. The UDP-galactose transporter, Ugt1, was initially identified by homology to known UGTs and glycan composition analysis of ugt1Δ mutants. However, sequence is an unreliable predictor of NST substrate specificity, cells may express multiple NSTs with overlapping specificities, and NSTs may transport multiple substrates. Determining NST activity thus requires biochemical demonstration of function. We showed that Ugt1 transports both UDPgalactose and UDP-N-acetylgalactosamine in vitro. Deletion of UGT1 resulted in growth and mating defects along with altered capsule and cellular morphology. The mutant was also phagocytosed more readily by macrophages than wild-type cells and cleared more quickly in vivo and in vitro, suggesting a mechanism for the lack of virulence observed in mouse models of infection.
Introduction
Cryptococcus neoformans is an opportunistic fungal pathogen that is ubiquitous in the environment. It infects over a million people worldwide each year and kills over 600,000 of them, disproportionately affecting resource-limited areas (Park et al. 2009 ). Cryptococcosis is initially acquired by inhalation of fungal cells or spores into the lower respiratory tract (Botts and Hull 2010) . This leads to a primary pulmonary infection, which is normally controlled by alveolar macrophages. In immunocompromised individuals, however, fungi can proliferate and disseminate throughout the host, with a particular tropism for the brain.
The principal virulence factor of C. neoformans is a polysaccharide capsule, which helps it evade the host immune response. This structure surrounds the yeast cell wall, which as in other fungi is made of glucans, chitin, and mannoproteins (Doering 2009 ). The capsule is composed of two polysaccharides, glucuronoxylomannan (GXM) and glucuronoxylomannogalactan (GXMGal), with trace amounts of mannoproteins (Kumar et al. 2011) . These polymers, which are synthesized intracellularly (Yoneda and Doering 2006) , become associated with the outer surface of the cryptococcal cell wall (Reese et al. 2007) , forming a protective layer that impedes phagocytosis and immune mediator binding (Voelz and May 2010) . This structure is highly responsive to environmental conditions, becoming particularly large during infection of mammalian hosts (Doering 2009 ). Capsule polysaccharides are also continually shed from the yeast, and act in suppression of the host immune response (Voelz and May 2010) . Understanding the pathways that produce the capsule and other essential glycoconjugates is central to developing strategies to effectively disrupt their function and combat this lethal pathogen.
GXM typically constitutes~90% of the capsule mass (Doering 2009 ). It is a repeating polymer, made up of a mannose backbone with glucuronic acid (GlcA) and xylose (Xyl) side chains (Cherniak et al. 1998 ) (all sugars are pyranose forms unless otherwise indicated). GXMGal, which makes up the remaining 10% of the capsule mass, consists of a galactan backbone modified with galactomannan side chains bearing a variable number of Xyl and GlcA residues (Heiss et al. 2009 ); the backbone may also be modified with single galactofuranose (Gal f ) residues (Heiss et al. 2013 ). Mutants lacking either or both capsular polysaccharides are avirulent (Chang and Kwon-Chung 1994; Moyrand et al. 2007) .
C. neoformans dedicates a significant portion of its genetic machinery and metabolic energy to synthesizing capsule and other cellular glycoconjugates, including protein-linked glycans (Olson et al. 2007; Reilly et al. 2011; Park et al. 2012) , cell wall components (Reese and Doering 2003; Banks et al. 2005; Reese et al. 2007; Gilbert et al. 2010; Gilbert et al. 2011 ) and glycolipids (Vincent and Klig 1995; Heise et al. 2002; Rittershaus et al. 2006; Castle et al. 2008) . These compounds are essential for maintaining cellular homeostasis and establishing infection. Synthesis of many glycoconjugates relies on activated donor molecules, such as nucleotide sugars, from which individual sugar moieties are transferred to a growing glycan structure. Nucleotide sugars are generally made in the cytosol and then transported into the secretory organelles (endoplasmic reticulum and/or Golgi apparatus) where most glycan biosynthesis occurs (Varki et al. 2009 ). Nucleotide sugar transporters (NSTs) mediate transport of these highly charged compounds by importing them in exchange for the corresponding nucleotide monophosphates via an antiport mechanism (Abeijon et al. 1997; Berninsone and Hirschberg 2000) . This makes the nucleotide sugars available for use by the luminal glycosyltransferase enzymes that synthesize capsule polymers or other glycans.
The capsule polysaccharides are composed of galactose (Gal), Gal f , GlcA, Man and Xyl; this suggests that their synthesis requires the corresponding donors, which are UDP-Gal, UDP-Gal f , UDPGlcA, GDP-Man and UDP-Xyl. The enzymatic pathways required for synthesis of these compounds in C. neoformans have been elucidated (Bar-Peled et al. 2001; Wills et al. 2001; Bar-Peled et al. 2004; Griffith et al. 2004; Beverley et al. 2005; Moyrand et al. 2008) , but the identity and the regulation of most of the NSTs that translocate them into the secretory pathway remain elusive. Only transport of the mannose donor, GDP-mannose, has been demonstrated biochemically (Cottrell et al. 2007) .
Strains deficient in UDP-Gal synthesis have aberrant capsule, likely due to perturbed GXMGal production, and are completely avirulent, emphasizing the critical role of this nucleotide sugar (Moyrand et al. 2008) . A UDP-Gal transporter, Ugt1, was initially identified by homology to known UDP-Gal transporters (Moyrand et al. 2007) , which are found ubiquitously in eukaryotes. However, sequence identity does not tell the whole story of NST substrate specificity (Martinez-Duncker et al. 2003) . For example, cells may express several NSTs with overlapping specificities but non-identical substrate affinities. Some transporters are highly selective for a specific substrate, while others transport as many as four distinct nucleotide sugars (Berninsone et al. 2001; Norambuena et al. 2002; Segawa et al. 2002; Aoki et al. 2003; Ashikov et al. 2005; Segawa et al. 2005; Caffaro et al. 2008) . Finally, transport activity may also be influenced by association with glycan synthetic enzymes and by subcellular localization (Maszczak-Seneczko et al. 2012) . Although the absence of galactose in total capsular polysaccharide and whole cell preparations from ugt1Δ mutants (Moyrand et al. 2007 ) provides indirect evidence that UDP-galactose is a Ugt1 substrate, defining NST activity requires biochemical demonstration of function.
Here we directly interrogated the biochemical activity of Ugt1, motivated by the central role of galactose in cryptococcal virulence and the gaps in our knowledge of C. neoformans NSTs (Moyrand et al. 2007 ). We found that Ugt1 transports both UDP-Gal and UDP-N-acetylgalactosamine (GalNAc) in vitro and that this function does not depend on the extended cytosolic termini of the protein. Furthermore, cells lacking Ugt1 exhibit growth and mating defects, along with altered capsule and cellular morphology. Finally, the mutant was phagocytosed more readily by macrophages and cleared more quickly in vivo and in vitro. Our studies define the biochemical role of this important protein, and suggest mechanisms for the reduced virulence of cells lacking this transporter.
Materials and methods
Sequence and phylogenetic analysis UGT1 was identified by BLASTP searches against C. neoformans predicted proteins (Broad Institute; C. neoformans var. grubii H99 database) using known UDP-galactose transporters from Schizosaccharomyces pombe (NP_588041), Arabidopsis thaliana (NP_565158.1), Caenorhabditis elegans (NP_001255676.1) and Homo sapiens (NC_000023.11). Alignments were performed using the ClustalW program at Jalview 2.0 Alignment Annotator (http:// www.bioinformatics.org/strap/aa/) with default settings (Waterhouse et al. 2009 ). Transmembrane domains of Ugt1 were predicted using TMHMM server v 2.0 (Center for Biological Sequence Analysis, Technical University of Denmark). Protter (http://wlab.ethz.ch/protter/start/) was used to visualize putative protein topology. Multiple sequence alignment (MUSCLE; Edgar 2004) , phylogenetic analysis (PhyML; Guindon and Gascuel 2003) and tree rendering (TreeDyn; Chevenet et al. 2006 ) of Ugt1 and characterized human NSTs was done using the online Phylogeny.fr program (http://www.phylogeny.fr/version2_cgi/index.cgi) with default settings (Dereeper et al. 2008; Dereeper et al. 2010 ).
Cell growth
Unless otherwise noted, C. neoformans strains (Table I) 
C. neoformans strains and plasmids
We used a split marker strategy (Fu et al. 2006) to replace UGT1 with a nourseothricin (NAT) resistance marker, selecting transformants on NAT-containing plates for PCR verification of gene replacement. We used a similar strategy to complement the ugt1 deletion strain at the endogenous locus, by replacing the NAT deletion cassette with UGT1 in tandem with a geneticin (G418) resistance marker. Transformants of interest were identified by resistance to G418 and sensitivity to NAT, consistent with replacement of the deletion cassette by UGT1 in tandem with the G418 marker. All complemented strains were verified by PCR (data not shown) and reversal of phenotypes (see Results).
For protein localization, a construct encoding C-terminally HAtagged Ugt1 (pUGT1-HA) was generated by amplification of UGT1 from genomic Jec21 DNA with Primers 1-2 (Table II) to incorporate sequence encoding the tag, subcloning into pCR2.1 (LifeTechnologies; Carlsbad, CA) for sequencing, and then PmeI digestion with ligation to pMSC043 to incorporate a NAT resistance marker and place the tagged protein under the actin promoter. pUGT1-HA was linearized with I-sceI and transformed into the Cxt1-myc strain (Reilly et al. 2011 ) by biolistic transformation. Transformants were selected by growth on NAT plates and verified by immunoblotting.
To episomally complement ugt1Δ, N-and C-terminally truncated and full-length Ugt1 constructs were generated from Jec21 cDNA by amplification with Primers 3-4, 5-6, and 7-8, respectively (Table II ). The DNA fragments were then digested with EcoRI/NotI and subcloned into pYEScupFLAGK (Ashikov et al. 2005) to add an N-terminal FLAG-tag and facilitate sequencing. The resulting FLAG-tagged constructs were amplified with Primers 9-10 or 10-11 (Table II) , and digested with PmlI/AvrII for ligation into pMSC042-neo to incorporate a G418 resistance marker and place UGT1 under control of the actin promoter. The plasmids were subsequently linearized with I-SceI and electroporated into ugt1Δ. Transformants were selected by growth on G418 plates and verified by PCR.
Localization
JEC21 CXT1-myc (Cottrell et al. 2007 ) alone or expressing Ugt1-HA or Gmt1-HA was prepared for microscopy as described by Reilly et al. (2011) with minor modifications. Briefly, cells were grown O/N in YPD before fixation and blocking, and slides were then incubated with high-affinity rat anti-hemagglutinin (anti-HA) monoclonal antibody (Roche Applied Science; Denzberg, Germany; 20 ng/mL in blocking buffer), mouse anti-c-Myc (anti-myc) antibody (Abcam; Cambridge, UK; 5 μg/mL in blocking buffer) or blocking buffer alone. This was followed by incubation with the appropriate secondary antibody, either Alexa Fluor 594-tagged goat anti-rat IgG or Alexa Fluor 488-tagged goat anti-mouse IgG (Invitrogen; Carlsbad, CA), at 1 μg/mL in blocking buffer.
For localization studies in MDCKII cells, human SLC35A2 (BAA95615) or cryptococcal UGT1 (EAL18940) were amplified so as to encode a C-terminal HA-tag, cloned into the PmeI site of pcDNA3.1 (LifeTechnologies) to form phUGT1-HA or pcUGT1-HA, respectively, and verified by sequencing. MDCKII cells seeded to 5×10
4 cells/cm 2 in a 6-well plate were then transiently transfected with 1 μg of pcDNA3.1, pcUGT1-HA or phUGT1-HA. For transfection, the DNA and lipofectamine (LifeTechnologies) were incubated at room temperature (RT) for 15 min and added to cells for incubation at 37°C/5% CO 2 for 3 h. Cells were then washed and incubated in minimal essential media (MEM; LifeTechnologies) + 10% FCS O/N before being plated on cover slips in a 12-well plate. After 24 h at 37°C/5% CO 2 , the cover slips were fixed in 4% formaldehyde/ PBS for 20 min, and the cells were permeabilized with 5% BSA in 0.3% TX-100 in PBS for 15 min and stained with rabbit antiGiantin IgG (Abcam; 200 ng/mL in blocking buffer) and rat anti-HA (Invitrogen; 20 ng/mL in blocking buffer). Finally, cells were incubated for 20 min with AlexaFluor 594-tagged goat anti-rat IgG and AlexaFluor 488-tagged goat anti-rabbit IgG (Invitrogen; 1 μg/ mL in blocking buffer) and viewed with a ZEISS Axioskop2 MOT Plus microscope using a 63 × objective. Where not specified, all steps were performed at RT.
Lec cell complementation
Lec8 cells were transiently transfected with pcDNA3.1, pcUGT1-HA or phUGT1-HA as described for the MDCKII studies. Cover slips were then fixed with 3.7% formaldehyde for 30 min, washed twice with PBS, and permeabilized with 0.1% TX-100/PBS for 30 min. After blocking in 1% BSA/PBS for 10 min, cells were stained with fluorescein isothiocyanate (FITC)-conjugated GSII in blocking buffer for 30 min at 37°C, rat anti-HA for 1 h and AlexaFluor 594-tagged goat anti-rat IgG for 1 h. Samples were viewed with a ZEISS Axioskop2 MOT Plus microscope using a 63 × objective. Where not specified, steps were performed at RT. Ugt1 truncations (Table III) were assessed in a Lec8 cell line stably transformed with the polyomavirus large T antigen (CHOP8) as described by . Briefly, CHOP8 cells were transfected with the vector pEFBO encoding the rat β-1,3-glucuronyltransferase (Terayama et al. 1997) , and plasmids expressing each Ugt1 variant were generated using the primers in Table IV . After 3 days at 37°C/5% CO 2 , cells were fixed, blocked in 2% milk/TBS and then stained with rat monoclonal L2-412 (Kruse et al. 1984; Bakker et al. 1997 ) followed by goat anti-rat alkaline phosphatase 
S. cerevisiae expression and transport assays
Yeast expression experiments were done in S. cerevisiae strain YPH500 (MATα ura3-52 lys2-801 ade2-101 trp1-Δ 63 his3-Δ200 leu2-Δ1). UGT1 was amplified from JEC21 RNA using Primers 10 and 11, cloned into pCR2.1 (TOPO TA, LifeTechnologies) and sequenced. The fragment was then digested with EcoRI and XbaI, ligated into the copper-inducible expression vector pYEScupFLAGK (Ashikov et al. 2005 ) and transformed into YPH500 cells using lithium acetate (Invitrogen). S. cerevisiae cells transformed with empty pYEScupFLAGK or pYEScupFLAGK-UGT1 were grown in 0.5 mM CuSO 4 -supplemented selective medium (0.67% Bacto-yeast nitrogen base without amino acids, L-leucine, L-histidine, L-tryptophan, L-lysine, adenine, 2% glucose) for 2 h to induce protein expression. Golgi membranes were isolated by subcellular fractionation and then assayed for the ability to import radiolabeled nucleotide sugars (NEM Life Science Products; Boston, MA) as described by Ashikov et al. (2005 
Transmission electron microscopy
Strains were grown in Sabouraud's capsule-inducing conditions (Zaragoza and Casadevall 2004) , collected by centrifugation (3000 × g; 5 min), fixed for 1 h at RT with 2% glutaraldehyde (Polysciences Inc.; Warrington, PA) in 100 mM phosphate buffer (pH 7.2) and then incubated for 1 h in 1% osmium tetroxide (Polysciences Inc. 
Macrophage assays
To assay fungal survival in macrophages, THP-1 monocytes were seeded at 3.5 × 10 5 cells/well in a 96-well plate, treated with 0.2 ug/ mL PMA for 72 h to induce differentiation and incubated with C. neoformans at MOI = 0.1 for 1 h at 37°C and 5% CO 2 . Plates were washed twice with PBS, and samples incubated for 1 or 24 h before lysis and plating in triplicate on YPD agar for counts of colonyforming units (CFU). Macrophage phagocytosis of fungal strains was quantified using our previously published assay (Srikanta et al. 2011 ) with minor modifications. Briefly, cells were grown in capsule-inducing media as above or in parallel YPD cultures. Cells were then collected by centrifugation, washed and opsonized with commercial human serum before incubation with differentiated THP-1 macrophages for 1 h. Host cell cytosol and nuclei and fungal walls were stained, and samples were imaged on a Cytation3 plate reader (BioTek; Winooski, VT) and analyzed using IN Cell Developer Toolbox 1.9.2 (GE Healthcare Life Sciences; Pittsburgh, PA). Assay results for ugt1Δ were compared to those for WT and complemented strains by analysis of variance (ANOVA).
Animal studies
Fungal strains to be tested were cultured O/N in YPD, washed in PBS and diluted to 2.5 × 10 4 cells/mL in sterile PBS. The 50 μl aliquots were then inoculated intranasally into six 4-to 6-week-old female C57Bl/6 mice (NCI, National Institutes of Health). Groups of two and four mice were sacrificed at 1 h and 7 days 
postinoculation, respectively. Initial inocula and lung homogenates were plated for CFU, and organ burden was analyzed by ANOVA. All studies were performed in compliance with institutional guidelines for animal experimentation.
Results
C. neoformans strains are classified into four serotypes: A and D are associated with cryptococcosis in immunocompromised populations, while B and C are associated with disease in otherwise healthy individuals. We initially identified UGT1 in serotype A, which is the most prevalent serotype and causes most of the mortality from this disease (Kwon-Chung and Varma 2006), and subsequently identified homologs with 92-95% identity at the protein level in the other serotypes (protein accession numbers: XP_012048733, KIR46271, KIR59644 and XP_568024 for serotypes A through D, respectively). Phylogenetic analysis of the serotype D UGT1 sequence together with characterized human NSTs places Ugt1 in the SLC35A subfamily, along with its human counterpart (Figure 1 ). Similar to other transporters, it is predicted to have an even number of transmembrane domains (here 10) with cytosolic N-and C-termini (Figure 2 ). The predicted cytosolic termini are unique and unusually long (Figure 2) , at least five times longer than those of other known UDP-Gal transporters with no significant sequence similarity (not shown). The NST domain of Ugt1 (aa 299-558) also shares less than 50% identity to those proteins (Supplementary data, Figure S1 ). We next investigated Ugt1 localization by comparing staining of episomally expressed Ugt1-HA to that of a known Golgi xylosyltransferase, Cxt1p, which we have tagged with myc (Reilly et al. 2011 ). When we probed doubly tagged cryptococci with both anti-HA and anti-myc antibodies, we observed co-staining of large perinuclear puncta, suggesting Golgi localization of Ugt1 (Supplementary data, Figure S2 ). This localization is consistent with a role for this protein in providing raw materials for glycan synthesis to processes occurring in the secretory pathway. Because the inherent challenges of immunostaining this yeast limit image quality, we also localized HA-tagged human and cryptococcal Ugt1 in MDCKII cells. In this higher resolution analysis, both proteins colocalized with the Golgi marker giantin ( Figure 3A) , supporting our C. neoformans results. The mammalian Lec8 cell line is deficient in UDP-Gal transport (Deutscher and Hirschberg 1986; Oelmann et al. 2001 ). We used transient transfection to assess whether the cryptococcal transporter could complement this defect, using Griffonia simplicifolia lectin (GSII) as a reporter. This lectin binds terminal GlcNAc residues, which are masked in normal cells by galactose added in the secretory pathway. In cells lacking UDP-Gal transport, this galactose modification is absent, so the lectin is able to bind to the cell surfaces. Expression of cryptococcal Ugt1 reversed this binding ( Figure 3B) . Notably, the subset of transiently transfected cells that did not express exogenous protein still bound the lectin ( Figure 3B ), serving as an internal control. This staining pattern was mirrored by expression of the human UDP-Gal transporter, strongly supporting shared biochemical activity of the two proteins.
To directly measure the activity of the cryptococcal transporter, we used heterologous expression in S. cerevisiae. When we assessed the transport of a panel of radiolabeled nucleotide sugars in vitro, Golgi vesicles from cells expressing cryptococcal Ugt1 demonstrated transport of UDP-Gal, as predicted by homology, as well as somewhat lower transport of UDP-GalNAc (Figure 4) . We did not detect transport over background of other capsule precursors (UDP-Xyl or UDP-GlcA), UDP-GlcNAc or UDP-Glc.
We had noted the unusual length of the N-and C-terminal cytosolic tails of Ugt1, and wondered whether they were required for its transport activity. To test this, we used transient transfection to determine which of a series of Ugt1 truncation variants (Figure 2 ) could complement the deficient UDP-Gal transport of CHOP8 cells, which are derived from Lec8 cells (see Methods). We detected activity by cotransfection with DNA encoding a rat β-1,3-glucuronyltransferase, such that the combination could support the synthesis of GlcUAβ1,3Gal epitopes; these are recognized by the antibody L2-412 (Kruse et al. 1984; Bakker et al. 1997) . As shown in Table III , all the cytosolic tail truncations that we tested ( Figure 2 ) retained activity; function was only disrupted when the truncation was extended beyond the first transmembrane domain.
Because galactose is a major component of one capsule polysaccharide, GXMGal, we examined the expression of UGT1 and other genes related to galactose metabolism under growth conditions that induce capsule synthesis. RNA-seq analysis indicated that both UGT1 and UGE1, a gene encoding a UDP-glucose epimerase (which catalyzes the interconversion of UDP-glucose and UDP-Gal), are upregulated several fold under these conditions (Figure 5 ), consistent with a role for both proteins in capsule synthesis. A UGE1 paralog, UGE2, remains at basal levels during capsule induction ( Figure 5) ; the corresponding mutant also has no defects in capsule synthesis or virulence (Moyrand et al. 2008 ). Other genes involved . Ugt1 transports UDP-Gal and UDP-GalNAc. Golgi fractions isolated from S. cerevisiae expressing vector alone (white bars) or UGT1 (black bars) were assayed for transport of the indicated nucleotide sugars. Each value represents the mean and the standard deviation of duplicate assays from three independent Golgi preps. ** , P < 0.001 compared with vector alone.
in UDP-Gal metabolism (galactokinase and galactose-1-phosphate uridylyltransferase) showed no change or less 2-fold reduction in expression over the same time course of induction (data not shown). We next directly examined the effect of deleting UGT1 on capsule morphology. When we grew cells in noncapsule-inducing conditions (the rich yeast medium YPD), both WT and mutant cells had thin capsules, which were minimally discernible by negative staining ( Figure 6A, first column) . Capsules of both strains were also similarly enlarged when the cells were grown in our standard capsuleinducing conditions (DMEM at 37°C and 5% CO 2 ; Figure 6A , second column), which were also used for the expression profiling above. Because serotype A cells lacking UGT1 had previously been reported to be hypercapsular (Moyrand et al. 2007 ), which we did not observe in the DMEM conditions, we tested other inducing media. We found that ugt1Δ cells grown in 10% Sabouraud's media were hypercapsular compared to WT cells ( Figure 6A , third column). The capsule fibers of mutant cells grown in this medium were also markedly longer by electron microscopy ( Figure 6A fourth column); these phenotypes were reversed by complementation of the mutant. In all conditions, the mutant cells tended to aggregate, which suggested altered surface properties independent of capsule formation.
Cryptococcal glycans have not been exhaustively analyzed, but galactose is a known component of cryptococcal glycolipids (Wohlschlager et al. 2013 ) and capsule polysaccharides, and may occur in other glycoconjugates as well. For this reason, we tested Reads from RNA-seq data (mean ± SD) were normalized to their levels at t = 0, which were UGT1, 383,949 ± 24,018; UGE1, 724,792 ± 19,475; UGE2, 110,719 ± 18,909; UGE3, 1968117 ± 82297. Values shown are compiled from three independent experiments, each with RNA prepared from three biological replicates. Fig. 6 . ugt1Δ mutants show altered capsule and cellular morphology, and exhibit growth and mating defects. (A) Wild-type (WT), ugt1Δ and complemented ugt1Δ (UGT1) were grown in the media noted above and visualized by light microscopy after negative staining with India Ink (first three columns, scale bar = 5 μm) or by electron microscopy (last column, scale bar = 500 nm). (B) The indicated strains, including two independent ugt1Δ strains, were grown overnight at 30°C in YPD, and 5 μl of serial dilutions were spotted and grown as indicated. Left panel, dilutions were 10-fold starting at 10 6 cells; right panel, dilutions were 5-fold, starting at 10 7 cells. (C) Equal volumes of the indicated MATα strains and KN99a were mixed, spotted on V8 agar and incubated at RT in the dark. Images were taken 2 weeks after initial spotting. In three independent experiments, no filamentation of either mutant strain was detected.
other characteristics of cells lacking Ugt1. We noted that ugt1Δ cells were significantly more sensitive than WT to Congo Red dye, suggesting a cell wall defect ( Figure 6B ). This strain was also sensitive to H 2 O 2 ( Figure 6B ), in addition to high temperature and SDS (properties previously reported for the corresponding serotype A mutant (Moyrand et al. 2007 ), which we verified for serotype D (not shown)). The mutant cells were also defective in mating, failing to form filaments and spores when cocultured on solid media with cells of the opposite mating type ( Figure 6C ). In all cases, the WT phenotypes were restored in the complemented mutant. We wondered whether the extended termini of Ugt1, which were not required for transport activity (Table III) , might influence cell phenotypes. To test this, we episomally complemented ugt1Δ with WT UGT1, or UGT1 modified, so its product lacked either the Nor C-terminus, all under control of the constitutive actin promoter. All three construct-expressing strains restored WT resistance to stress but also exhibited larger capsules than WT cells. Interestingly, the full-length and C-terminally truncated UGT1 produced considerably larger capsules than WT cells (1.8-and 1.6-fold greater than WT, respectively; Figure 7A ). They also demonstrated greater growth on NaCl but not on any of the other conditions tested ( Figure 7B ) (see Discussion).
The observed changes in surface properties and reduced ability to resist stress of the mutant strongly suggested that its interactions with host cells would be aberrant. To test this, we first used an automated high-throughput imaging method (Srikanta et al. 2011) to quantify the early interactions between a human monocytic cell line (THP-1) and each strain. As in the previous work, unopsonized fungi were poorly phagocytosed. For opsonized samples, we found that when the yeast had been cultured in rich medium (YPD or Sabouraud's broth), ugt1Δ was engulfed at significantly higher rates than WT ( Figure 8A ). This was independent of capsule size, as WT and mutant cells both produce minimal capsule in YPD ( Figure 6A ). In contrast, after culturing in conditions where WT and mutant displayed equally large capsules ( Figure 6A, DMEM) , phagocytosis of all strains was similar ( Figure 8A ). We also tested the relative survival of internalized fungi during a 24-h period. We found that the mutant cell population increased more slowly than WT or complemented strains within host phagocytes, reflecting poor growth and/ or increased destruction by the host cells ( Figure 8B) .
The combination of defects we observed in ugt1Δ suggested that this strain would do poorly in an infected host, as previously observed in a model based on tail vein infection (Moyrand et al. 2007 ). We tested this in mice infected intranasally, which mimics the natural route of infection. In this model, ugt1Δ was completely cleared from the lungs by 7 days after inoculation, in contrast to WT and complement infected mice (average log 10 CFU/mL at 7dpi: WT, 2.76; ugt1Δ, 0; UGT1, 2.33). This rapid clearance of the mutant supports the key role of Ugt1 in cryptococcal biology.
Discussion
C. neoformans encodes a single functional UDP-Gal/UDP-GalNAc transporter, which is homologous to UGTs found across multiple Fig. 7 . N-and C-terminal UGT1 truncations complement capsule and cellular morphology defects in ugt1Δ. (A) The strains indicated above the horizontal line, carrying the plasmids shown below the line, were grown in DMEM + G418 and visualized by light microscopy after negative staining with India Ink (scale bar = 5 μm). (B) The indicated strain and plasmid combinations were grown overnight at 30°C in YPD + G418. The 5 μl of serial dilutions were spotted and grown as indicated with G418 (except for 0.005% SDS). Dilutions were 5-fold starting at 10 6 cells.
phyla (e.g. H. sapiens, C. elegans, S. pombe, A. thaliana; Supplementary data Figure S1 ). This protein is predicted to have 10 transmembrane segments with N-and C-terminal tails in the cytosol ( Figure 2 ) and is localized to the Golgi apparatus ( Figure 3A , Supplementary data Figure S2 ), consistent with other transporters in this family. Alignment of Ugt1 and known transporters, however, did not reveal any common motif that would potentially confer UDP-Gal or UDP-GalNAc specificity (Supplementary data Figure S1 ). We demonstrated that cryptococcal Ugt1 transports UDP-Gal both indirectly, through complementation of Lec8 cells ( Figure 3B ), and directly, by performing transport assays in a heterologous system (Figure 4 ). Of the other potential substrates tested (Figure 4) , we only observed transport of UDP-GalNAc. Human and Drosophila UGTs similarly recognize this combination of substrates, although only the human and cryptococcal UGTs transport UDPGal more efficiently than UDP-GalNAc (Figure 4 ; Segawa et al. 2002) . Galactose is an abundant component of cryptococcal capsule and is also known to be incorporated into some of its glycolipids. GalNAc, in contrast, has not been detected in any cryptococcal glycans to date, but this does not preclude the possibility that small amounts are incorporated into these structures, particularly as the synthetic machinery for UDP-GalNAc is encoded in the cryptococcal genome.
Specific recognition of multiple substrates with the same nucleotide portion is common among NSTs, with the nucleotide-binding specificity mediated by the cytosolic domains (Abeijon et al. 1997) . The cryptococcal Ugt1 is noteworthy for having unusually long cytosolic tails, which stimulated us to pursue their function. The first transmembrane helix of human SLC35A2 is required for UDP-Gal transport (Aoki et al. 2001) ; we similarly found that the first transmembrane domain of the cryptococcal protein was needed for transport in mammalian cells, although both cytosolic tails were dispensable (Figure 2 and Table III ). In C. neoformans, episomal expression of Ugt1 truncations that spared the transmembrane domains also restored WT capsule and stress resistance to ugt1Δ (Figure 7) , supporting the dispensability of the cytosolic domains for transport activity. Notably, constitutive episomal expression of fulllength Ugt1 (or the C-terminal truncation) yielded capsules that were larger than those of WT cells ( Figure 7A ), and appeared to confer an increased salt tolerance ( Figure 7B ). One potential explanation of these findings is that Ugt1 overexpression impacts the quantity or composition and structure of cellular glycoconjugates, perhaps through greater incorporation of galactose, producing larger capsules and modulating stress resistance pathways. The inability of N-terminal mutants to produce capsules as large as mutants expressing full-length and C-terminal Ugt1 thus suggests that, while the N-terminus is not absolutely required for substrate recognition and transport, it may modulate the efficiency of those processes or additional downstream glycosylation reaction(s). The N-terminus of Ugt1 might impact these processes by mediating interactions with capsule-associated glycosyltransferases, influencing oligomerizationbased regulation, or regulating binding of regulatory proteins (Hadley et al. 2014 ). It will be of interest in the future to further elucidate the role of these domains.
When we examined the transcriptional profile of C. neoformans under conditions that induce capsule production, and thus presumably UDP-Gal utilization, we observed that UGT1 and UGE1 expression are significantly upregulated within 8 h ( Figure 5 ). Other genes implicated in galactose metabolism demonstrated less than a 2-fold change in either direction, perhaps not surprising since strains were grown with glucose as the primary carbon source. C. neoformans thus seems to satisfy the greater demand for UDP-Gal imposed under inducing conditions by increasing UDP-Gal synthesis in conjunction with transport into the proper luminal compartment.
Once UDP-Gal is translocated into the secretory pathway, the galactose moiety is incorporated into glycoconjugates made in that compartment. These probably include GXMGal, as we previously localized a glycosyltransferase required for GXMGal synthesis to the Golgi compartment (Klutts et al. 2007; Klutts and Doering 2008) . Consistent with this finding, GXMGal synthesis is completely abrogated in cells lacking UGT1 (Moyrand et al. 2007 ). Paradoxically, capsules of cells lacking UGT1 are enlarged ( Figure 6A ), consistent with prior reports (Moyrand et al. 2007 ). It may be that GXMGal normally participates in capsule polysaccharide organization, so that its absence yields a looser, and therefore more voluminous, structure. Defects in protein glycosylation may also indirectly cause changes in capsule synthesis, for example, via altered enzyme activity or stability.
It is notable that depending on the induction conditions ugt1Δ exhibits two distinct capsule phenotypes, being normocapsular in DMEM medium but hypercapsular relative to WT in dilute Sabouraud's broth ( Figure 6A ). Multiple signaling pathways trigger capsule production in response to distinct environmental or chemical conditions, and we are just beginning to understand the complex interplay between them O'Meara and Alspaugh 2012; Maier et al. 2015) . C. neoformans, furthermore, is a facultative intracellular pathogen that occupies multiple subenvironments within the host, including the nutrient-limited intracellular and blood stream niches, which we model in vitro with 10% Sabouraud and DMEM, respectively. Capsule thickness is known to vary between organs in infected hosts (Rivera et al. 1998; GarciaHermoso et al. 2004) ; our distinct culture conditions may be similarly inducing changes in both size and organization.
The alterations observed in ugt1Δ cells were not isolated to capsule synthesis. Mutant cells have a propensity to aggregate (Fig. 6A) ; they are also more sensitive to cell wall perturbing reagents (Congo Red, SDS) and less able to tolerate environmental stresses (temperature, H 2 O 2 ) ( Figure 6 ) than WT (Moyrand et al. 2007 ). These phenotypes suggest defects in cell wall synthesis, again potentially due directly to alterations in component glycans or indirectly due to underglycosylated synthetic machinery. However, since galactose and GalNAc modification of protein-linked glycans in C. neoformans has not been examined to date, these models remain to be tested. The absence of Ugt1 also resulted in the inability of mutant cells to mate. In S. cerevisiae, mating depends on the interaction of two distinct cell surface glycoproteins (Cappellaro et al. 1991) , which are five times less active when they are not glycosylated (Cappellaro et al. 1994) . Galactosylation of specific determinants may similarly be required for efficient mating to occur in C. neoformans. This mechanism also potentially underlies the inability of S. pombe mutants deficient in UDP-Gal transport to undergo sexual conjugation during nutritional deprivation (Tanaka et al. 2001) .
Finally, we found that ugt1Δ cells are rapidly cleared in vitro and in vivo, likely facilitated by the increased recognition and phagocytosis of ugt1Δ by macrophages (Figure 8 ). This result is somewhat surprising, since internalization of hypercapsular mutants is often reduced, attributed to the overall increase in the antiphagocytic capsule. However, if the enlarged capsule of ugt1Δ results from poorly organized GXM, rather than overproduction of capsule material, it may not function normally. In this scenario, changes in surface epitope accessibility may result in better recognition by macrophages while the sensitivity profile facilitates clearance. Together, these would result in the avirulence seen both in our inhalational model and in prior studies using intravenous inoculation with pools of mutants (Moyrand et al. 2007 ).
The pleiotropic defects and general avirulence of cells lacking Ugt1 emphasize the importance of galactose precursor localization to the biology and pathogenicity of C. neoformans. Defining the activity of Ugt1 and other NSTs will advance our understanding of glycan biosynthetic pathways, setting the stage for further studies of fundamental glycobiology and cryptococcal pathogenesis.
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